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Abstract: Murine hindlimb ischemia is a useful model for investigation of 
the mechanisms of peripheral arterial disease and for understanding the role 
of endothelial cells and generic factors affecting vascular regeneration or 
angiogenesis. To date, important research with these models has explored 
tissue reperfusion following ischemia with Laser Doppler methods, methods 
which provide information about superficial (~mm) vascular regeneration. 
In this work, we employ diffuse correlation spectroscopy (DCS) and diffuse 
optical  spectroscopy  (DOS)  in  mice  after  hindlimb  ischemia.  We 
hypothesize that vascular re-growth is not uniform in tissue, and therefore, 
since diffuse optical methods are capable of probing deep tissues, that the 
diffuse  optics  approach  will  provide  a  more  complete  picture  of  the 
angiogenesis  process  throughout  the  whole  depth  profile  of  the  limb. 
Besides increased depth penetration, the combined measurements of DCS 
and DOS enable all-optical, noninvasive, longitudinal monitoring of tissue 
perfusion  and  oxygenation  that  reveals  the  interplay  between  these 
hemodynamic parameters during angiogenesis. Control mice were found to 
reestablish 90% of perfusion and oxygen consumption during this period, 
but oxygen saturation in the limb only partially recovered to about 30% of 
its initial value. The vascular recovery of mice with endothelial cell-specific 
deletion of HIF-2ʱ was found to be significantly impaired relative to control 
mice, indicating that HIF-2ʱ is important for endothelial cell functions in 
angiogenesis.  Comparison  of  DOS/DCS  measurements  to  parallel 
measurements in the murine models using Laser Doppler Flowmetry reveal 
differences  in  the  reperfusion  achieved  by  superficial  versus  deep  tissue 
during neoangiogenesis; findings from histological analysis of blood vessel 
development were further correlated with these differences. In general, the 
combination  of  DCS  and  DOS  enables  experimenters  to  obtain  useful 
information about oxygenation, metabolism, and perfusion throughout the 
limb. The results establish diffuse optics as a practical noninvasive method 
to evaluate the role of transcription factors, such as the endothelial cell-
specific HIF-2ʱ, in genetic ally modified mice. 
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1. Introduction 
Angiogenesis is the process by which new blood vessels develop from pre-existing vessels 
[1]. This physiological response helps preserve tissue integrity and/or function in settings of 
local hypoxia, or reduced O2 availability [2]. Angiogenic responses can arise in a variety of 
hypoxic contexts, ranging from normal embryonic development [3] to pathologies such as 
peripheral arterial disease (PAD) [4] and solid tumors [5]. 
Ligation of the femoral artery in mice is an established approach to model angiogenesis 
and  has  provided  a  deeper  understanding  of  responses  to  limb  ischemia.  This  model  of 
hindlimb  ischemia  is  useful  for  identifying  new  targets  and  testing  new  therapies.  After 
femoral artery ligation, the limb displays a severe decrease in blood flow, generally less than 
20% of the flow in the contralateral limb. In response to this ischemia, a vascular response 
develops marked by the formation of new blood vessels (i.e., neoangiogenesis) in the thigh 
and calf muscles. 
Ligation  of  the  femoral  artery  also  induces  another  vascular  response  known  as 
arteriogenesis.  In  this  process,  collateral  vessels  of  the  femoral  artery  exhibit  a  sudden 
increase in blood flow in addition to other hemodynamic changes. Moreover, these vessels 
undergo  remodeling  and  growth  into  parallel  conductance  vessels,  thereby  establishing  a 
collateral circuit [6]. Normal blood flow in ischemic hindlimb is restored gradually in the 
month following ligation, although the degree of recovery varies with mouse strain [7,8]. 
Therefore, the murine femoral artery ligation model has provided a system to investigate 
how  specific  factors  and  cell  types  (such  as  endothelial  cells)  contribute  to  vascular 
regeneration.  The  resulting  information  has  clear  implications  for  better  understanding  of 
diseases such as PAD. By employing genetically engineered mice, studies have shown that 
recovery of tissue perfusion by revascularization/neoangiogenesis requires appropriate growth 
factors  to  orchestrate  recruitment,  migration,  proliferation,  and  differentiation  of  vascular 
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addition to soluble factors, endothelial cells can respond directly to physiological cues such as 
O2 availability in culture. However, the details about how reduced O2 availability influences 
endothelial cell functions in vivo are not well understood. 
The cellular response to hypoxia is mediated by Hypoxia Inducible Factors (HIFs), which 
are transcription factors belonging to the basic Helix Loop Helix (bHLH)/Per-Arnt/Ahr-Sim 
(PAS) protein family. HIFs promote adaptation to hypoxia through regulation of more than 
150 genes involved in angiogenesis, metabolism, cell proliferation and cell migration [1]. Two 
major HIF-ʱ subunits mediate cellular adaptation to hypoxia: HIF-1ʱ [11] and HIF-2ʱ (also 
known as EPAS-1) [12]. While HIF-1ʱ is broadly expressed, HIF-2ʱ expression is restricted 
to select cell populations such as the vascular endothelium. Moreover, HIF-2ʱ is known to 
regulate  several  angiogenic  factors  in  endothelial  cells,  suggesting  that  this  subunit  may 
regulate important endothelial cell functions during  angiogenic responses.  Based  on these 
observations, HIF-2ʱ deficiency can impair hypoxic adaptation of endothelial cells, and can 
lead to modulation in vascular regeneration and adaptation of mice with specific deletion of 
HIF-2ʱ in endothelial cells. 
The role of HIFs in vascular regeneration and tissue reperfusion has been studied with 
microspheres [10,13], Laser Doppler Flowmetry (LDF), and Laser Speckle Imaging (LSI) 
methods [9,14]. LDF remains the standard technique in animal models of PAD and “normal” 
angiogenesis. Laser Doppler perfusion imaging (LDI) is a recent advancement of the LDF 
technique that provides a two-dimensional image of tissue perfusion without sample contact. 
However,  the  technique  has  long  scan  times,  low  image  resolution,  and  requires  that  the 
sample remain still during the entire scan [15]. 
Translation of diffuse optical methods to angiogenesis animal models may lead to a more 
robust  and  complete  characterization  of  the  tissue  reperfusion  process.  While  useful 
information about blood flow in the superficial tissues can be obtained with LDF or LDI 
methods (~mm from the skin), diffuse optical techniques provide assessment to oxygenation 
and  metabolic  processes  of  the  microvasculature  of  deeper  tissues  (~cm  from  the  skin). 
Therefore, unlike current available techniques that assess superficial tissue hemodynamics 
only, diffuse optical techniques permit characterization across the whole tissue probed by 
performing  measurements  at  different  source-detector  separations,  thereby  providing  a 
noninvasive diagnostic of tissue dynamics at both hemodynamic and metabolic levels. 
The methodology employs photons in the near-infrared range (650-900 nm) that diffuse 
through tissue and can be detected millimeters to centimeters away from the source [16]. The 
absorption spectra of water, oxy- (HbO2), and deoxy-hemoglobin (Hb) provides access to 
physiological parameters such as blood oxygen saturation and hemoglobin concentration. The 
present work employs two diffuse optical techniques: Diffuse Optical Spectroscopy (DOS) 
and  Diffuse  Correlation  Spectroscopy  (DCS).  DOS  probes  tissue  absorption  and  reduced 
scattering  spectra  using  a  lamp  and  an  imaging  spectrograph  [17,18].  By  projecting  the 
dispersed light from the diffraction grating onto a CCD camera, the spectral distribution of the 
detected light is accessed and is used to derive absorption and scattering coefficients of the 
tissue. The latter coefficient provides an estimate of the size distribution and density of the 
scatterers, and the former provides information about absolute hemoglobin concentrations. 
Diffuse Correlation Spectroscopy (DCS) is a diffuse optical technique sensitive to the 
motions of scatterers in tissue, such as red blood cells [19,20]. In DCS, sensitivity to blood 
flow is derived from the decay rate of the temporal intensity autocorrelation function of the 
detected  light.  Although  absolute  measurements  of  perfusion  are  difficult  to  obtain,  DCS 
readily  provides  information  about  relative  variation  of  microvascular  perfusion.  The 
technique has been validated both in animals and in humans, including comparison with other 
experimental techniques such as arterial spin-labeled MRI (ASL-MRI) [21,22], Xenon-CT 
[23], and fluorescent microspheres [24]. Both DCS and DOS share common advantages such 
as portability, high temporal resolution, and the ability to probe deep tissues noninvasively. 
In this study we combined DCS and DOS methods to determine longitudinal blood flow 
and oxygenation responses in a mouse hindlimb ischemia model. Perfusion and oxygenation 
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compared  to  similar  measurements  of  the  contralateral  control  limb.  Mice  were  followed 
periodically for four weeks after surgery to monitor the revascularization process initiated by 
angiogenesis. To evaluate whether diffuse optics can feasibly distinguish between mice with 
different  angiogenic  properties,  mice  with  endothelial-specific  deletion  of  HIF-2ʱ  were 
evaluated  relative  to  control  mice.  Multiple  source-detector  separations  were  used  to 
investigate  differences  across  the  cross-section  of  the  limb.  In  addition,  DCS-based 
measurements  of  perfusion  ratio  were  compared  to  relative  blood  flow  measurements 
performed with LDF, and a significant correlation between the two techniques was found for 
the pre-surgery/post-surgery perfusion ratio of the two hindlimbs. In summary, our results 
demonstrate  that  DCS  can  reliably  distinguish  between  mice  with  different  angiogenic 
properties, and that deep tissue probes add important new information about vessel formation 
in the limb, and that combined measurements of DCS and DOS provide more comprehensive 
information about tissue oxygen saturation, total hemoglobin concentration, perfusion, and 
metabolic rate of oxygen consumption in murine models. 
2. Methods 
2.1 Animal preparation and protocol 
We assessed blood flow and oxygenation values before and after femoral artery ligation in 42 
mice, which ranged from 8 to 10 months old and from 25 to 30 g. All mice were on a mixed 
Sv-129/C57-B16 genetic background. The animals were of two different genotypes: 20 had 
HIF-2α  deleted  in  endothelial  cells  (KO  mice),  while  the  remaining  mice  were  controls. 
Endothelial specific deletion of HIF-2α was generated by first breeding the HIF-2α
fl/fl mice 
with  transgenic  mice  expressing  Cre  recombinase  under  the  VE-cadherin  promoter,  as 
previously described [25]. HIF-2ʱ control and KO mice were distinguished using a multiplex 
Polymerase  Chain  Reaction  (PCR)  approach.  All  animal  experiments  were  conducted  in 
accordance with National Institutes of Health guidelines for use and care of live animals and 
were  approved  by  the  University  of  Pennsylvania  Institutional  Animal  Care  and  Use 
Committee  (IACUC).  Animals  were  anesthetized  using  Avertin  (2,  2,  2-Tribromoethanol, 
SIGMA)  prepared  as  a  1.2%  solution  at  a  dosage  of  0.2  ml/10g  body  weight,  which 
approximates 240 mg/kg [26]. 
Unilateral  femoral  artery  ligation  was  performed  as  described  in  [9].  Follow-up 
hemodynamic measurements were carried out postoperatively once a week over 4 weeks. Due 
to the age and severity of the procedure, only 21 mice survived the entire period (10 KO and 
11  controls).  After  28  days,  the  remaining  animals  were  sacrificed,  and  the  tissues  were 
processed for analysis. Tissue sampling and morphometric analysis of collateral artery growth 
and  capillary  formation  were  performed  as  described  in  [27,28].  Briefly,  vasculature  was 
perfused with Phosphate Buffered Saline (PBS) followed by 4% paraformaldehyde. Adductor 
muscles  were  dissected,  cryopreserved,  sectioned,  and  mounted  in  Fluoromount-G  media 
(SouthernBiotech)  for  immunohistochemistry  staining  with  Rhodamine  (Griffonia 
Simplicifolia)  Lectin  (Vector  Laboratories).  Image  analyses  and  quantifications  were 
performed  using  a  Leica  500  microscope  as  well  as  Image  J  and  Metamorph  software 
(Molecular Devices). 
Blood vessels/capillaries in tissue sections from control and KO mice were visualized 
using  lectin  staining.  The  number  of  vessels  and  the  vasculature  area  were  measured,  as 
described in [28]. Vascular area was defined as the combined area of Rhodamine-labeled 
vessels plus lumens in 5 independent fields, expressed as a percentage of the total image area. 
2.2 Oxygenation measurements and data analysis 
The DOS system was composed of a 250 W tungsten-halogen light source (TS-428, PI Acton, 
MA), a spectrometer (SP-150, Acton Research, MA), and a 16-bit, back-illuminated CCD 
camera (PIXIS: 400BR, Princeon Instruments, NJ). The exposure time of the camera was set 
to 150 ms. The optical probe consisted of a single source- and ten detection-fibers (each with 
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0.6, 1.2, 1.8, 2.4, 3.0, 4.0, 5.0, 6.0, 8.0 and 10 mm. The probe was positioned longitudinally 
on each hindlimb, with the top of the probe slightly above the femoral artery location where 
surgery was performed (Fig. 1). 
The  analytical  solution  of  the  photon  diffusion  equation  for  a  slab  geometry  with 
extrapolated  zero  boundary  condition  in  the  continuous-wave  domain  was  used  to  fit  the 
measured data in the wavelength range from 550 to 900 nm. In this case, the fluence rate ʦ is 
given by [16,29]: 
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coefficients,  respectively.  In  addition,   
2 2
,, mm r z z      , 
, 2 ( 2 ) m s t z m d L l     ,  and 
, 2 ( 2 ) 2 m s s t z m d L L l      , where (ρ,z) are the cylindrical coordinates at point r, d is the slab 
thickness, and lt and Ls are the location of the real and image sources, respectively. In this 
work, we considered the first 10 terms of the sum in Eq. (1); subsequent terms were very 
small. The slab thickness was fixed at 12 mm, which was the average thickness (averaged 
over 10 animals) measured in the region covered by the probe. 
The tissue optical properties were assumed to have the following spectral forms: 
  '( ) and ( ) ( ) .
b
s a i i
i
Ac       
        (2) 
The scattering parameters A and b are related to scatterer size distribution and number 
density. For absorption, εi and ci are the extinction coefficient (wavelength dependent) and the 
concentration of the i
th chromophore, respectively. The main tissue chromophores are oxy-
hemoglobin  (HbO2),  deoxy-hemoglobin  (Hb),  and  water,  and  their  extinction  coefficients 
were  obtained  from  the  literature  [30,31].  A  nonlinear  inversion  algorithm  based  on  the 
Nelder-Mead  algorithm  [32]  was  used  to  recover  the  absolute  optical  properties  from 
reflection  data.  From  the  absorption  coefficient  we  extracted  absolute  HbO2  and  Hb 
concentrations (cHbO2 and cHb, respectively) using Eq. (2), and then we calculated the total 
hemoglobin  concentration  (THC  =  cHbO2  +  cHb)  and  blood  oxygen  saturation  (StO2  = 
cHbO2/THC) of the tissue. 
 
Fig. 1. Schematic diagram showing the position of the optical probe on the mouse hindlimb. 
The design of the probe is shown in the right side for both DOS (top) and DCS (bottom). 
All spectra were calibrated by the emission spectrum of the white-light source (collected 
with an integrating sphere), and then dark-count levels were subtracted [33]. Signals from the 
shortest source-detector separation were not used due to sporadic light leakage. The other 
source-detector pair intensities were normalized by the second shortest separation, and the 
final spectra were then compared with the analytical solution [Eq. (1)]. 
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and normal hindlimbs. The hemodynamic parameters for each hindlimb of each mouse at 
every time point were estimated from the mean of the nine different locations. 
2.3 Perfusion measurements and data analysis 
DCS measurements were performed with a home-built instrument containing two continuous 
wave, long coherent length (> 5 m), 785 nm lasers (CrystaLaser Inc., Reno, NV), and eight 
avalanche  photodiodes  (PerkinElmer,  Canada).  One  8-channel  autocorrelator  board 
(Correlator.com,  Bridgewater,  NJ)  was  employed  to  compute  the  intensity  temporal 
correlation function for an integration time of 500 ms. Data were collected simultaneously in 
both limbs, with four detectors distributed symmetrically along one single source positioned at 
the center for each limb. The source-detector separations were 0.5 and 1.0 cm. The DCS probe 
was positioned similar to the DOS probe, with the top of the probe slightly above the femoral 
artery location where surgery was performed (Fig. 1). 
For  data  analysis,  the  solution  of  the  photon  correlation  diffusion  equation  in  a 
homogeneous slab geometry with extrapolated zero boundary conditions was used to derive 
the electric field temporal autocorrelation function,  *
1( ) ( 0) ( ) G E E      [16]: 
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,  τ  is  the  correlation  time,  k0  is  the 
wave vector, α represents the fraction of photon scattering events in the tissue, and  2( , ) rt    
is the mean-square displacement of the scattering particles in time τ; the brackets   denote 
time averages (for experiments) or ensemble averages (for calculations). In this work, we used 
the Brownian motion model in Eq. (3) to approximate the mean-square particle displacement, 
i.e.,  2( , ) 6 B r t D   , where DB represents the effective diffusion coefficient of the moving 
scatterers.  The  measurement  of  the  normalized  intensity  autocorrelation  function, 
2 *
2( ) ( 0) ( ) / ( 0) g I I I        , can be related to the normalized electric field correlation 
function,  *2
1( ) ( 0) ( ) /| ( 0)| g E E E        , by the Siegert relation: 
 
2
21 ( , , ) 1 ( , , ) . g r t g r t        (4) 
Here, β is a parameter that depends on the source coherence, detection optics, and other 
external  factors.  In  order  to  estimate  relative  blood  flow  from  the  DCS  data,  we  fit  the 
measured intensity autocorrelation functions to Eq. (4) to extract both β and a blood flow 
index (BFI), defined as ( ) ( ) B BFI t D t   . The blood flow index has been demonstrated to be 
proportional to blood flow in many tissues [16,21–24]. The optical properties calculated for 
every mouse hindlimb with DOS were used as input for Eq. (4); thus blood flow estimates in 
both limbs were corrected for changes in absorption and scattering at every measurement 
point. 
At each time point, the BFI for each source-detector separation in each hindlimb was 
estimated by the mean BFI across 120 time frames measured over an integration time of 500 
ms each. The perfusion ratio was then defined as the ratio between the occluded and non-
occluded limb BFIs, i.e.,  Perfusion /
occluded non occluded Ratio BFI BFI
  . This parameter was used to 
quantify changes in perfusion over the whole experiment period. 
In  order  to  compare  perfusion  recovery  in  deeper  regions  of  tissue  with  superficial 
perfusion  dynamics,  we  also  performed  blood  flow  measurements  with  a  commercial  1-
channel LDF system (BPM 403A, TSI Inc., St. Paul, MN). The LDF probe, with a source-
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interest covered by the bottom portion of the DCS probe. We measured three different sites 
symmetrically positioned in each mouse hindlimb, and the average of the ratio between the 
three regions was compared to the perfusion ratio calculated with DCS. 
2.4 Estimation of the metabolic rate of oxygen consumption 
From measurements of HbO2, Hb, and HbT concentrations (the latter proportional to blood 
volume) and blood flow, the rate of oxidative metabolism can be indirectly assessed as the 
product of the rate of blood flow and relative oxygen extraction fraction (OEF). The OEF is 
defined  as  the  fractional  conversion  of  oxygen  concentration  from  arterioles  to  venules. 
Assuming  a  steady-state  balance  between  oxygen  concentration  and  hemoglobin 
concentration,  OEF  can  be  written  as  the  fractional  change  of  oxygen  saturation  from 
arterioles (SaO2) to venules (SvO2) [34,35]. By employing a compartment model in which the 
optical signal originates from a mixture of arterial, capillary and venous blood, it is possible to 
write the tissue hemoglobin saturation measured directly from the optical signal (StO2) as a 
sum of the different compartment saturations, which will lead to the following expression 
[34]: 
  22
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    (5) 
where  γ  indicates  the  percentage  (fraction)  of  blood  volume  contained  in  the  venous 
compartment of the vascular system. For measurements of relative changes and under the 
assumption of constant compartmentalization, the factor γ in Eq. (5) divides out. Typically, 
SaO2 is obtained from blood gas measurements; in this work, we assumed SaO2 was fixed at 
100%, so that the relative metabolic rate of oxygen consumption (MRO2) can be expressed as 
[36]: 
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where the superscripts (oc) and (no) in Eq. (6) refer to occluded and non-occluded limb, 
respectively. 
3. Results 
3.1 Physiological differences between mice genotypes 
Figure 2 shows the perfusion ratio recovery curves for the two types of mice studied. At each 
time point in the figure, the marks are the median and the error bars represent the standard 
error across all the animals. Stars represent statistical significance difference between the two 
groups (ANOVA, p < 0.05). It is apparent that after inducing the same level of limb ischemia 
in both animals, KO mice recovered significantly less than control mice. Thus the role of HIF-
2ʱ in recovery of blood flow to overcome tissue hypoxia is demonstrated. While control mice 
were able to recover over 90% of their initial flow ratio (i.e., 90% of the ratio measured before 
femoral artery occlusion), KO mice reach a steady state level at approximately 55% of the 
initial flow levels. The rate of flow recovery also differs between the two animal groups; 
control mice respond faster and continuously to tissue hypoxia throughout the first weeks after 
occlusion. 
Results from DOS measurements are shown in Fig. 3 for both occluded and non-occluded 
hindlimbs, and separated by animal types. Figure 3(a) shows the average absolute scattering 
coefficient at 785 nm across all mice obtained at every time point measured, assuming a 
homogeneous slab medium as previously discussed (Section 2.2). These values were used as 
inputs for DCS fitting so that the DCS-based perfusion ratios showed in Fig. 2 only reflect 
changes in blood flow. Figure 3(b) shows the absolute blood oxygen saturation obtained from 
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around  its  mean  initial  value  in  the  non-occluded  limb  during  the  whole  4-week  period, 
oxygen  saturation  in  the  occluded  limb  goes  down  immediately  after  the  femoral  artery 
occlusion, and then slightly increases during the follow-up period. Regarding mouse type, KO 
mice  present  a  significantly  higher  oxygenation  deficit  than  controls,  although  both  were 
unable to fully recover from their pre-surgery levels, in contrast to blood flow recovery. No 
differences were seen in the non-occluded limb as a function of mouse type, as expected. 
The absolute levels of total hemoglobin concentration are plotted in Fig. 3(c). Before any 
intervention, HbT concentration was measured as approximately 70 μM in both hindlimbs. 
This level remained constant in the non-occluded limb over the whole period. On the other 
hand, hypoxia induced an increase of 26% in total hemoglobin concentration in the occluded 
limb after 4 weeks for both types of animals. This increase may be related to the formation of 
new vessels within the tissue. 
 
Fig.  2.  Median  perfusion  ratio  calculated  from  all  the  survival  mice,  separated  by  mice 
genotype. Data were collected at (a) 5 mm and (b) 10 mm source-detector separations with 
DCS, and (c) with LDF. Error bars represent the standard error across the animals, and the stars 
are the time points with statistical difference between the two mice genotypes (ANOVA, p < 
0.05). 
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Fig. 3. (a) Absolute scattering coefficient at 785 nm, (b) tissue oxygen saturation and (c) THC 
in the limb calculated from all the survival mice, separated by mice genotype, for both the non-
occluded and occluded hindlimbs. Error bars represent the standard error across the animals, 
and the stars denote the time points with statistical difference between the two mice genotypes 
(ANOVA, p < 0.05). 
3.2 Histological analysis 
Recovery  of  flow  is  related  to  the  angiogenesis  process  induced  by  tissue  hypoxia  after 
femoral artery occlusion. Histological slices from the occluded hindlimbs taken 28 days after 
artery ligation show a completely different vascular network, with a significant increase in 
vessel/capillary density in the abductor muscle. An example of such difference can be seen in 
Fig. 4, which shows a representative field of a portion of the abductor muscle from a single 
#133311 - $15.00 USD Received 12 Aug 2010; revised 29 Sep 2010; accepted 12 Oct 2010; published 15 Oct 2010
(C) 2010 OSA 1 November 2010 / Vol. 1,  No. 4 / BIOMEDICAL OPTICS EXPRESS  1182mouse,  in  which  the  vessels/capillaries  were  marked  with  rhodamine.  While  the  average 
vascular density in the non-occluded limb was (0.98 ± 0.11)% for both types of mice, the 
occluded  limb  of  KO  mice  presented  an  average  vascular  density  of  (3.9  ±  0.3)%.  This 
number was even higher in control mice, (6.1 ± 0.2)%. 
3.3 Reperfusion profile across the limb 
Temporal dynamics following artery ligation presented the same generic trends for all animals 
studied and were very similar at the two DCS source-detector separations. The same pattern, 
shown in Fig. 2 for DCS, was also seen for superficial flow measured by LDF, suggesting that 
blood flow recovers at all levels within the tissue. The amount of recovery, however, was 
different and depended on the depth of the tissue. Because DCS and LDF probe different 
depths  of  tissue  below  the  surface,  and  because  the  formation  of  new  vessels  leads  to 
differences  in  the  vascular  network  across  the  limb,  direct  comparison  between  the  two 
techniques is not straightforward. 
Figure 5 relates DCS and LDF findings to histological results from the most superficial 
part of the muscle (denoted superficial in Fig. 5) and from tissue about 4 mm deep into the 
muscle (denoted deep in Fig. 5). For data points collected pre- and post-surgery, both of the 
DCS source-detector separations are highly correlated with LDF (i.e., correlation greater than 
0.8), with slope close to unity (i.e., DCS/LDF = (0.96 ± 0.10) for 5 mm and (1.07 ± 0.08) for 
10 mm SD separation, respectively). Such a strong linear relationship suggests that the limb is 
uniformly perfused before intervention, and that it remains uniformly perfused – at a lower 
level  –  just  after  the  femoral  artery  occlusion.  This  observation  is  in  agreement  with 
histological findings in the non-occluded limb, which can be used to indirectly assess the pre-
surgery condition. Taken together, these results provide another source of validation for DCS 
as a technique that can reliably provide a blood flow index proportional to in vivo tissue blood 
flow. 
On  the  other  hand,  when  the  correlation  between  DCS  and  LDF  is  taken  with  data 
collected  at 7, 14,  21,  and 28 days post-surgery, the correlation drops to 0.30 (  ±  0.04), 
suggesting that the formation of new vessels occurs in a different manner across the limb. The 
slopes of the DCS versus LDF correlation curves (DCS/LDF) are measurably less than unity, 
indicating heterogeneity in tissue response. The slope of the DCS versus LDF correlation 
curve decreases slightly from the 5 to the 10 mm SD separation (DCS/LDF = (0.69 ± 0.22) for 
5 mm SD separation, and (0.46 ± 0.18) for 10 mm SD separation), and thereby provides 
slightly more evidence for the existence of a gradient in the recovery of blood flow from 
superficial  to  deeper  tissue  wherein  more  superficial  tissue  is  reperfused  faster.  Indeed, 
histological slices from the adductor muscle confirm that the superficial tissue in the occluded 
limb is more vascularized than the deep tissue after 28 days, again providing evidence of the 
origin of higher perfusion ratios of LDF compared to DCS. 
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Fig.  4.  Representative  field  in  the  adductor  muscle  showing  Rhodamine-labeled 
vessels/capillaries  in  the  non-occluded  and  the  occluded  limb  from  control  and  KO  mice, 
obtained 28 days after femoral artery ligation. 
 
Fig. 5. (a) Vessel/capillary density and vascular area in an adductor muscle specimen from a 
control  mouse  28  days  after  femoral  artery  ligation.  Vasculature  was  visualized  using  a 
Rhodamine Lectin staining. Images were taken at the most superficial part (labeled superficial) 
of the muscle, immediately under the skin, and approximately 4 mm into the muscle (labeled 
deep). (b) Quantification of superficial and deep vascular area for both the non-occluded and 
occluded limbs in control mice. (c) Comparison of the perfusion ratios obtained via DCS (10 
mm  source-detector  separations)  to  LDF  measured  perfusion  ratios.  The  plot  on  the  left 
contains data from pre- and post-surgery, while the one in the right shows data from the follow-
up  measurements.  The  gray  line  indicates  a  unity  slope  for  Perfusion  RatioDCS/Perfusion 
RatioLDF, while the red line shows the best linear fit to the data. 
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One of the potential advantages for measuring microvascular blood flow and oxygenation 
with diffuse optical methods is the possibility of estimating the tissue consumption of oxygen 
indirectly from the hemodynamic parameters, thus providing metabolic information. Figure 6 
shows the metabolic rate of oxygen in the occluded limb, as a fraction of the non-occluded 
one. As blood flow responds to tissue demand, trends for MRO2 follow the ones found for 
blood flow ratio. The metabolic response to hypoxia was shown to be fast, recovering about 
30% in the first 7 days. Regarding mice type, we found that deletion of HIF-2α presented a 
long-term  effect,  i.e.,  KO  mice  were  unable  to  recover  more  than  60%  of  their  initial 
metabolism. Control mice fully recovered their initial oxygen consumption ratio in 3 weeks. 
4. Discussion 
This  work  aimed  to  verify  the  feasibility  of  diffuse  correlation  and  diffuse  optical 
spectroscopies as monitoring tools for characterizing angiogenesis processes longitudinally in 
murine models in vivo. By performing femoral artery ligation in a mouse hindlimb, both DCS 
and  DOS  were  shown  to  reliably  monitor  physiological  recovery  due  to  induced  tissue 
hypoxia, i.e., despite inter-mouse variability caused by mouse physiology, different responses 
to anesthesia and to femoral artery occlusion. For both perfusion and oxygenation, we found 
the variability to be about 25-30% from the mean values in each group at each time point. 
 
Fig. 6. Metabolic rate of oxygen consumption ratio in the limb for all the time points measured, 
and separated by mice genotype. Error bars represent the standard error across all the animals, 
and the stars denote the time points with statistical difference between the two mice genotypes 
(ANOVA, p < 0.05). 
The intra-mouse variability was mostly related to techniques and was lower than inter-
mouse variablity. For example, for the nine different locations measured with DOS in each 
limb at each time point, the variance was smaller than 17% of the mean value in every mouse. 
The variance was even smaller when computed over the 120 frames acquired with DCS (i.e., 
it ranged from 1.8% to 8.5%). Both measurement types were sensitive to differences related to 
mice genotype, which permitted comparison between different mice types. In particular, a 
larger perfusion and oxygen saturation recovery was observed in control mice compared to 
KO mice. The perfusion ratio curves of recovery measured by DCS are very similar to curves 
reported  in  previous  studies  of  hindlimb  ischemia  models  in  control mice  with  LDF/LDI 
[6,14], and they also agree with recent findings in mice bearing mutations in the HIF-1α gene, 
which is known to encode a transcription factor important in the angiogenesis process [14]. 
Despite the successful application of both DCS and DOS analysis in this problem, the 
limitations of analytical solutions can be questioned, especially given the small dimensions 
involved. Furthermore, by contrast to most of the DCS studies reported in the literature thus 
far, which use the solution of the diffusion equation for the semi-infinite geometry [21–24], 
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comparison of results between the two approaches, however, yielded less than 5% difference. 
We also performed Monte Carlo simulations assuming a homogeneous medium, and fit the 
correlation curves obtained from the recorded pathlength in the simulation [37,38]. Again, 
differences between analytical solutions and Monte Carlo simulations were within the error 
bars  of  Fig.  2.  Table  1  compares  the  perfusion  rates  obtained  by  three  different  analysis 
approaches. 
Unlike LDF/LDI, the intrinsic capability of diffuse optical methods to probe deep tissues 
enabled us to monitor physiological responses due to femoral artery occlusion at different 
depths in the limb. Although the perfusion dynamics following ischemia was very similar in 
superficial  tissues  (as  measured  by  LDF)  and  deeper  tissues  (as  measured  by  DCS),  the 
correlation of perfusion ratios between these two techniques decreased approximately 50% 
relative to the correlation ratio prior to injury [Fig. 5(c)]. Since the techniques are sensitive to 
blood  flow  at  different  positions  in  the  tissue,  this  result  suggests  that  the  new  vessel 
formation induced by femoral artery ligation leads to a non-uniform vascular network, in 
which  superficial  tissues  experience  greater  reperfusion  than  deeper  tissues.  Histological 
observations supported this model: the sprouting and formation of capillaries from the pre-
existing vasculature is more prominent in superficial tissues relative to deeper regions. The 
angiogenic process has a limited capacity to increase perfusion in the surrounding ischemic 
tissue  [39].  Another  factor  in  reperfusion  is  the  arteriogenic  process,  defined  as  the 
 
Table 1. Perfusion Ratio calculated by three different approaches from DCS data from 
control mice, separated by source-detector separation. Uncertainty of the values denotes 
the standard error across all animals 
Method  Perfusion Ratios 
  Pre-surgery  Post-surgery  Day 7  Day 14  Day 21  Day 28 
5 mm SD separation 
Slab solution  1.03 ± 0.06  0.19 ± 0.02  0.45 ± 0.08  0.67 ± 0.08  0.93 ± 0.09  0.97 ± 0.10 
Semi-infinite solution  1.03 ± 0.07  0.19 ± 0.03  0.44 ± 0.08  0.68 ± 0.09  0.94 ± 0.09  0.97 ± 0.10 
Monte Carlo  1.13 ± 0.05  0.22 ± 0.03  0.41 ± 0.07  0.59 ± 0.07  0.85 ± 0.10  0.91 ± 0.08 
10 mm SD separation 
Slab solution  0.98 ± 0.06  0.23 ± 0.02  0.69 ± 0.08  0.71 ± 0.09  0.91 ± 0.06  0.88 ± 0.14 
Semi-infinite solution  0.97 ± 0.08  0.24 ± 0.03  0.71 ± 0.09  0.72 ± 0.10  0.91 ± 0.07  0.90 ± 0.12 
Monte Carlo  1.11 ± 0.05  0.25 ± 0.01  0.61 ± 0.08  0.65 ± 0.10  0.85 ± 0.07  0.91 ± 0.06 
enlargement  and  proliferation  of  pre-existing  collateral  arteries  and  their  remodeling  into 
effective conductance vessels [40]. Therefore, in response to ligation of the deep femoral 
artery, blood flow may increase in superficial collateral arteries leading to the differences in 
reperfusion observed between superficial and deeper tissues. 
Tissue oxygen saturation obtained from DOS measurements showed the same recovery 
trend as perfusion. Regarding absolute quantification and the apparently low absolute blood 
oxygen saturation, it is important to note that the oxyhemoglobin dissociation curve of mice is 
significantly shifted compared to that of humans. This shift effectively yields comparatively 
lower oxygen saturations in mice compared to humans for the same values of oxygen partial 
pressure [41,42]. The observed range of 32 to 44%, obtained before femoral artery occlusion, 
is therefore consistent with previous reports for this population [42–44]. Regarding genetic 
background, we found that KO mice presented a higher oxygenation deficit than controls  
[Fig. 3(b)]. Interestingly, although control mice recover 95% of their initial perfusion, their 
limb  oxygen  saturation  only  reached  75%  of  pre-ligation  levels.  The  reduction  in  blood 
oxygen saturation, in spite of a marked recovery of flow, may be attributed to a new but less 
efficient  vascular  network.  The  new  vessels,  which  form  during  angiogenesis,  are 
predominantly  capillaries.  These  newly  formed  capillaries  are  effectively  endothelial  cell 
tubes, which lack well developed wall structures and exhibit a limited capacity for blood flow 
[39]. In addition, new vessels tend to be leakier, especially in KO mice, and this may account 
for significantly smaller oxygen consumption in mutant mice compared to controls (Fig. 6). 
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blood volume contained in the venous compartment of the vascular system is the same for 
both limbs [Eq. (6)]. In addition, SaO2 was fixed at unity for both limbs at all time points. 
These assumptions do not hold after ligation of the femoral artery, since the main entrance of 
blood  flow  to  the  occluded  limb  is  blocked.  Despite  the  lack  of  information  on  the 
longitudinal values of these parameters, a variation in SaO2 in the occluded limb from 70% to 
100% would produce a variation of less than 3% in the final MRO2 estimation. A further 
careful  analysis  using  blood  gases  to  provide  direct  measurements  of  SaO2,  for  example, 
would provide a more accurate estimation of oxygen consumption, and will be the subject of 
future publications. 
In summary, DCS and DOS are shown to be feasible methods to assess physiology in 
animal models of angiogenesis. By noninvasively probing the tissue, it is possible to monitor 
perfusion rates and oxygenation over long periods of time without sacrificing a subset of 
animals for histological analysis at each time point. Based on studies in mice with endothelial 
cell-specific deletion of HIF-2α, diffuse optical methods were able to quantify differences in 
animals  with  very  different  angiogenic  properties.  The  combination  of  these  two  diffuse 
optical methods allowed a more complete characterization of the tissue dynamic processes in 
response to angiogenesis induced by hindlimb ischemia. The ability to probe deep tissues 
allowed us not only to quantify the dynamics of neoangiogenesis across the whole tissue, but 
also  to  discuss  distinctions  between  superficial  and  deep  regions  of  limb  muscle.  Lastly, 
acquisition of both blood flow and oxygenation allows for an indirect estimate of oxygen 
metabolism from hemodynamics, thereby providing more direct information of the underlying 
tissue. 
5. Conclusions 
The  main  contribution  of  the  present  research  is  its  establishment  of  diffuse  optics  as  a 
noninvasive  and  practical  method  to  evaluate  the  role  of  transcription  factors  in  mice 
physiology;  diffuse  optics  permits  investigation  of  HIF-2ʱ  effects  to  be  carried  out  with 
improved  features,  i.e.,  study  of  the  whole  limb  with  more  physiological  parameters.  Βy 
combining DCS and DOS to determine blood flow and oxygenation responses of the tissue, 
we were able to noninvasively monitor physiological variations during angiogenesis induced 
by  hindlimb  ischemia  in  a  mouse  model.  The  revascularization  process  initiated  by 
angiogenesis was found to reestablish perfusion and oxygen consumption after four weeks in 
control mice. The vascular recovery of mice with endothelial-specific deletion of HIF-2ʱ was 
significantly  impaired  relative  to  control  mice,  indicating  the  importance of  this gene  for 
endothelial  cell  functions  in  angiogenesis.  Perfusion  measurements  obtained  with  DCS 
compared  with  blood  flow  measurements  performed  with  LDF  showed  a  significant 
correlation  between  the  two  techniques  before  femoral  artery  occlusion.  This  correlation 
decreases significantly during angiogenesis due to differences in the formation of new vessels 
according to tissue depth. Histological analysis performed after 28 days match physiological 
findings. In summary, the combined optical measurements of both DCS and DOS enabled 
better  understanding  of  the  interplay  between  perfusion,  oxygenation  concentration,  and 
oxygen metabolism during murine angiogenesis. 
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